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Small unilamellar vesicles100 nm in diameter) form spontaneously in aqueous mixtures of histidine and
sodium dodecyl benzenesulfonate. By manipulating pH, a gradual transition from micelles to vesicles to
bilayers to precipitate is observed. The self-assembly of vesicles occurs over a wide range of compositions
when the solution pH is lower than 6.0, th&pof the imidazole moiety on the histidine molecule. This
phenomenon is likely the result of attractive interactions between the negatively charged benzenesulfonate
headgroups and the positively charged imidazole group in the amino acid. Similar results are obtained when
imidazole salt itself is used.

Introduction ethylamine oxidée/,HCI.2* This is in contrast to the case of the
fully ionized amine oxided = 1) where lamellar droplets form
instead of vesicle® The combined effect of the ionization
degree and the strong binding of the Nph&unterion leads
to the formation of vesicles rather than the usual lamellar liquid
crystalline phase.

Binding of hydrotrope and the degree of protonation of

Colloidal assemblies, for example, micelfed vesicles'> or
fibers® that are responsive to changes in surrounding conditions
such as pH, temperature, or UV light could be potentially used
as templates for materials synthés%or drug carriers and
delivery deviced% 12 Of particular interest are pH-sensitive

vesicles, whose closed bilayer structure allows for the encap- ionizable arouns are both crucial in promoting the Sbontaneous
sulation and targeted release of molecules. Hence, dependin group P 9 P

on the application, efforts have been directed toward the elf-assembly of vesicles upon the addition of the water-soluble
formulation of vesicles that reversibly form or disrupt at a certain Irril(ljt.l-gag)/rjf)ﬁfiﬁiﬁﬁ;g:ﬂﬁglrgf;%é%?ﬁ%%ﬂe%h?/ g;%cz@ﬁ_e_
pH. For example, in mixtures of ionizable lipids or anionic and sulfonate (SDBSJE With a lowering of pH, the 'm>(/ja olium
neutral lipids, the onset of instability of a lamellar phase with u ( - Wi wering of pH, Imidazoliu

. nd groups on the initiator protonate and bind to the SDBS
respect 'Ito anhlnvgrted rzjexago::al Iphase can be tun?éj to oceur qiead%rou?) thus driving a mliocelle-to-vesicle transition
Hv that n n the li m m n. ’ . X . T
a %usti#fmage ai?ﬁhipii?es sjchpg?s,sgmierz\gc;cigc;sm;hiﬂﬁiles Here, the phase behavior particularly with respect to micelle-
. C . to-vesicle transitions of mixtures of SDBS with the amino acid

gemint surfactants;*and l_)olaamph|ph||é§that carry specific histidine is investigated. It is attractive to use amino acids as
ionizable carboxyl and amine groups offer an alternate and novel qditi ¢ fact t. ; that id h tential
way for the formation of pH-sensitive assemblies and perhaps adaitives o surfactant systems ‘that could ‘have potentia
vesicles. By changing pH, the degree of ionization of these biochemical applications. Unlike V-44, histidine is a stable and
groups is changed, and consequently, the surfactant area pe?OIUble molecule in water, which allows for a systematic study

. o f the effect of pH. Finally, the self-assembly of vesicles in
headgroup and the molecular packing parameter are modified.". - . o ;
Thusgby (?hanging pH vesicle§can fgrr?l for certain degrees of mixtures of imidazole with SDBS is investigated and compared

i 16,18 : o to that observed in mixtures of histidine with SDBS. The
ﬁg:rc:sngﬁfrc])gc)aln obltr:iire?iftllggly' when the headgroup is chiral, simplicity of preparation, the stability of the vesicles, and the

Vesicles can also form and undergo structural transitions upon g}lzlﬁg I(':%;r?;Ztrzienroa;néir:jogslgi%r"eegrgg'Sll_ﬂ;ogﬁéirﬁt S;;g'ii‘:’s
the partial protonation of marine-based lipid mixtuf@satty P P

acids such as oleic acfd, or mixtures of fatty acids or of compounds.
diacylsuccinylglycerols with phosphatidylethanolanif&imi-
larly, protonation of oleyldimethylamine oxide induces a revers-
ible change from threadlike micelles to vesicles at the half- Materials. Hard-type (branched-chaff) SDBS was pur-
protonated stateo( = 0.5)2% At o = 0.5, vesicles also form  chased from TCl AmericaL-Histidine monohydrochloride
spontaneously from the addition of sodium 2-naphthalene- monohydrate (His-HCI)L-histidine, and imidazole were ob-
sulfonate (NaNphS") to micellar solutions of tetradecyldim-  tained from Sigma. Hydrochloric acid (1 N) was purchased from
Acros Organics. All chemicals were used as received.

* To whom correspondence should be addressed. Phone: 1(302) 831- Sample Preparation. Stock solutions of SDBS, His-HCI,

Materials and Methods

35?%nf\f‘gésitl(%?zgggxsr?l' E-mail: kaler@che.udel.edu. histidine, imidazole, and HCI were prepared in deionized water
* Tokyo U%’iversity of Science. (Milli-Q) or D20 (Cambridge Isotopes) and mixed at room
8 Chalmers University of Technology. temperature at the desired molar fraction of each component.
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All the solution mixtures were gently shaken until a uniform- to take into account corrections due to the instrument resolu-
colored, one-phase solution was observed. The solutions weretion.3! The quality of the fit was assessed from the reduged

not subjected to any type of mechanical agitation. pH measure-values.

ments were performed at room temperature using an Orion 420A SANS AnalysisThe SANS scattering curves of samples
pH meter and a Cole Parmer BNC glass electrode after containing vesicles were fitted using a polydisperse €sfell
equilibrating the solutions for 12 h. Samples were examined model, where the vesicles are assumed to have a polydisperse
visually to determine the number of phases. Phase boundariesore with constant shell thickness) (@and any intervesicle
were assigned after the visual appearance of the samplegnteractions are neglectéd.In this case, for a polydisperse
remained unchanged with time. The phase behavior of mixturessystem of unilamellar noninteracting vesicles, the scattered
at 25°C is depicted using a pseudoternary phase representationintensity as a function of the scattering vector is given by
Provisionally, transparent solutions were identified as micellar,

while isotropic bluish solutions suggested the presence of |(q):d£(q): nf‘”(;(rc)pZ(qrc) dr, (1)
vesicles. For light scattering measurements, solution mixtures dQ 0
were filtered through 0.4xm PTFE filters and flame-sealed

in 1 mL ampules. All samples were then kept during the
equilibration and characterization studies in a thermostated bath

wheren is the number density of vesicleB(qrc) is the form
factor of a single particle (e.g., vesicles) consisting of a core
and an outer shell, an@(rc) is the normalized probability of

at 25°C. ) ) finding a particle with a core radius betwegnandr. + drc.
Surface Tension.Surface tension was measured at 25 G(ro) is modeled as a Schulz distribution, so

using a K10T digital tensiometer (Ksg) with a Wilhelmy plate.

Equilibrium was confirmed by multiple measurements of a [z 24 1)zt —r

constant surface tension, and at least three measurements were G(ry) = ;(_—) ex;{_—c(z + 1)) 2

taken for each point. FEZ+1\ T re

Quasielastic Light Scattering (QLS).Measurements of the
aggregate average hydrodynamic size were made 4 25ing
a Brookhaven BI-200SM goniometer, a BI-9000AT correlator,
and a Lexel 300 mW Ar ion lasef. & 488 nm) at a scattering 1 o2
angle of 90. Intensity correlation data were analyzed by the 711 .2 3)
method of cumulan8 to provide the average decay raf€[] r
= ¢?D, whereD is the apparent diffusion coefficient, and the
normalized variance; = (I'J— T'&)/T'#, which is a measure The form factor is
of the width of the distribution of the decay rates. Stokes’ law
was used to ca}lculgte the gpparent hydrodynamic_ radii from P(ary) = 4L3T(pb — pJ{J(ar. + at) — I, (ar)} 4)
the measured diffusion coefficients. CONTIN analysis was also
used to quantify the distribution of aggregat@s.

Cryogenic Transmission Electron Microscopy (cryo-
TEM). Specimens for cryo-TEM were prepared in a controlled
environment vitrification system (CEVS) described in detail by
Bellare et af® The samples were equilibrated inside the chamber : B~

. . - of each group or atom in a molecule and dividing the total by
at 25. C and a relative humidity of 95990/.0' A drop of the the corresponding molecular volume. The SLD ofDis 6.3
solution was placed on a Iac;ey carbon fllm,. sgpportgd by a x 105 A2, and the SLD of the bilayers was calculated
copper grid (Ted Pella_, Redding, CA), and thin liquid films (_)f assuming the bilayer is made of an equimolar composition of
50-500 nm cross sections were then formed by gently blotting e onnositely charged components. This assumption has little
away excess liquid on the grid with a piece of filter paper. The ;n4,ence on the results.
liquid films were then vitrified by plun_ging the grid into liquid Spectra from samples containing micelles were fitted to a
ethane, held at 180°C by a surrounding thermostated pool of - 1,4qe incorporating an ellipsoidal or cylindrical form factor.
liquid nitrogen. The grid was transferred under liquid nitrogen The Hayter and Penfold rescaled mean spherical approximation
onto the tip of a Gatan model 626 cold stage. The specimensgng the Yukawa form of the potential between the micellar

were maintained at below 168 °C and were examined by @  “macroions” were used to account for interparticle interactions
JEOL 2000 FX transmission electron microscope operated atjy terms of a structure factd®(q).3% The intensity model for

100 kV. |mages were recorded USing a Multiscan Gatan CCD rnonodisper'sel interacting e”ipsoida| micelles is
camera at low dose.

wherer. is the mean core radius a#ds related to the variance
(03 of the core radius by

whereJ;(X) = sin(x) — x cosk) and pp and p; are respectively
the scattering length densities (SLDs) of the bilayer and the
core (taken as the solventD).

The SLDs were calculated by adding the scattering amplitudes

Small-Angle Neutron Scattering (SANS)Neutron scattering > 1 F(qu) 3
experiments were performed on the NG7 30m spectrometer at!(d) = S_Q(Q) =n [ 1F(au)|” duf1 + %ﬁs@ -1
the National Institute of Standards and Technology (NIST) in ()l
Gaithersburg, MD. Neutrons of wavelength= 6 A with a )
spread of 11% were incident on quartz “banjo” cells with 2 with
mm path lengths. Three different sample-to-detector distances
of 13.7, 4, ad 1 m were used to cover an overall scattering 3j,(%)
vector @) range of 0.003-0.53 A-L. The data were corrected F(au) = vlom = p9— (6)

for detector efficiency, background scattering, empty cell

scattering, and sample transmission and placed on an absolutand

scale using NIST protocols and calibration standards. For the

data analysis, the ideal model scattering curves were smeared x = qla’u® + b*(1 — u?)]°° (7
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TABLE 1: Results from Fitting an Ellipsoidal Model, a Cylindrical Model, or the Smeared Polydisperse Core-Shell Model to
SANS Spectra from Samples Containing Micelles or Vesicles at Various SDBS, Histidine, and HCI Compositiéns

[SDBS] [His] [HCI) outer diameter bilayer thickness
(mM) (mM) (mM) model (nm) (nm) polydispersity VyPIN
19 26 26 core-shell (Figure 3) 92+ 1 2.3 0.14+ 0.1 5.6
[SDBS] [His] [HCI] length radius effective salt
(mM) (mM) (mM) model (nm) (nm) charge concn (mM) Vy’IN
19 14 1.4 ellipsoidal (Figure 3) 480.2 1.6 —-17+1 7 1.2
30 50 0 cylindrical (Figure 8) 3.£0.1 15 —22+4 9 1.6
30 50 20 cylindrical (Figure 8) 9.6 0.3 1.6 —-18+2 2.6 1.8

a|n the micellar samples, the Hayter and Penfold rescaled mean spherical approximation was used for the structure factor. The quality of the fits
is assessed from the reducgderror between model and data.

wherea is the semimajor axis of the micellejs the semiminor
axis, j1(X) is the first-order spherical Bessel functianjs the %0
. . . . 1| X

cosine of the angle between the directionsa@ndq, v is the
volume of the micelles, angl, andps are the coherent scattering =
length densities of the micelle and the solvent, respectively. The & 601 I
adjustable parameters weee b, and the net charge of the 2 W
surfactant-amino acid micelles. & 404

Likewise, the intensity model for monodisperse rigid circular !j
cylinders ig* 04 ¥

p I
dz . Yl 0 Spes mm2 i
(@) = o@ = 0+ . . ; :
0Y, 20 40 60 80 100
) . [F(q,0)3 e SDBS (mM
n["F@w’dsinado 1+(q—)258(q) ~nle _ (M) .
OF(q,0)| Figure 1. Water-rich corner of the pseudoternary phase diagram of

SDBS, histidine-HCHH,O (His-HCI), and HO at 25°C. The phase
with regions are the following: (I) monomeric species, (II) micelles, (l1I)
vesicles, (IV) multiple phases, and (V) precipitate. The dotted line

. represents equimolar compositions of SDBS and amino acid. The
L imol iti f SDBS and i id. Th
sm(qz COSOL) 2j,(qr sina) shaded area designates a transition region from vesicles to precipitate
F(a) = v(py — ps) e - 9) in which several phases with different degrees of turbidity and an

q= cosa grsina additional oily phase at the bottom of the sample coexist. The inset
2 shows the shift of the phase boundary between the micellar and the

vesicular region when fD is used as the solvent. The vertical line (Y)
Here,a. is the angle between the cylinder axis and the scattering represents samples made at a constant concentration of SDBS (19 mM)
vector @), r is the cross-sectional radius, ahds the length of and an increasing amount of His-HCI. These samples were characterized
the micelle. The adjustable parameters werk, and the net Y SANS (Figure 3).

charge ofdthle slurfiaqaﬂ'aminoo a?i(:] mic_ellel.'ls. hiohil evident when comparing the surface tension at the cmc of the
For model calculations, 20% of the micelle amphiphiles were .o g rfactant (31 mN/m) with the corresponding values

initially assumed to disassociate and the ionic strength was setp:-:naq at the cac of the mixtures: 28 mN/én= 0.8) and
equal to the sum of the concentration of unassociated surfactant, - .n/m ¢ = 0.2). Beyond the cac, the monomers in solution
molecules at the critical aggregation concentration and the '
concentration of chlorine ions in solution. Histidine molecules
bearing the cationic form of the imidazole group were assumed
to be bound to SDBS, while histidine zwitterions were not taken equimolar mixture of His and HCI), and.B at 25°C is the
into account when setting the ionic strength. The final value of .o it of observations after 6 months of equilibration. Along
the salt concentration used to calculate the micelle charge isy,q binary axis of His-HGFH,O (region I), solutions are
listed in Table 1. The fitted parameters minimized the value of
x? for the model fit of each SANS spectrum.

self-assemble into micelles.
Phase Diagram.The water-rich corner of the pseudoternary
phase map (Figure 1) of mixtures of SDBS, His-HCI (the

transparent at all His-HCI concentrations studied. From QLS,
there is no evidence of microstructure formation in this region.
Solutions also appear transparent along the SPB$ axis
for low to intermediate concentrations of histidine (region II).
Micelle Formation. The surface activity and critical micelle  Throughout this regime, QLS and SANS measurements confirm
concentration (cmc) of aqueous mixtures of SDBS with histidine the presence of micelles and a gradual transition from micelles
were investigated using tensiometry. The cmc of pure SDBS is to vesicles with increasing concentration of His-HCI.
3.0 mM. Histidine does not form aggregates and is slightly  Above the equimolar line and for SDBS concentrations below
surface active with a surface tension of 70 mN/m at its solubility approximately 40 mM, bluish isotropic solutions coexist with
limit of 250 mM at 20°C. On the other hand, the solubility of a small “wisp” of precipitate (region Ill). This wisp is also
equimolar His-HCl at 20C is 1.1 M and its surface tension is seen in micellar samples near the vesigigicelle phase
40 mN/m. The benefit of adding His-HCI to SDBS solutions is boundary. Here, the presence of vesicles is confirmed by QLS,
illustrated by the lower critical aggregation concentration (cac) cryo-TEM, and SANS. At higher SDBS concentrations, a clear
of the mixtures: 2.5 mM fod = 0.8 and 1.0 mM fod = 0.2, supernatant phase coexisting with a noticeable opaque white
whered = moles of SDBS/(moles of SDB$ moles of His- precipitate phase (region V) is obtained. Between these two
HCI). Likewise, an increased surface activity for the mixture is regions, the mixtures phase-separate (region IV) into several

Results
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Figure 3. SANS results for mixtures of 19 mM SDBS and varying
concentrations of His-HCI: A) 26 mM; (O) 16 mM; () 1.4 mM.
The background scattering is not subtracted to show the overlap at high
g values. Thay2 slope for the 26 mM His-HCI sample is a signature
of vesicles, while the 1.4 mM sample exhibits a scattering typical of
micelles. The scattering of the 16 mM appears to be that of a mixed
population of vesicles and micelles.

in region Il (x symbols in Figure 1) after aging for 5 weeks.
Figure 2A corresponds to an aqueous sample with a low SDBS
concentration of 5 mM and a very high His-HCI concentration
of 80 mM. On the other hand, the vesicles in Figure 2B are
observed in a deuterated solution of 19 mM SDBS and 26 mM
His-HCI. A polydisperse population of spherical unilamellar
vesicles is found in both cases, although a few elongated and
multilamellar vesicles are also seen. The number of vesicles
appears higher for the deuterated sample than for the aqueous
mixture. This is expected since a lower concentration of 5 mM
SDBS in the aqueous sample limits the number of aggregates
that can be formed. QLS measurements of these samples yield
a z-averaged hydrodynamic diameter of 114 nm.

c. Micelle-to-Vesicle TransitionSANS measurements for
samples made at 19 mM SDBS with increasing concentrations
of His-HCI provide evidence of a micelle-to-vesicle transition
(Figure 3). At 1.4 mM His-HClI, the scattering profile is typical
of those for small micelles. The peak gt= 0.05 Al is
indicative of strong repulsive intermicellar interactions. At 16
mM His-HCI and 26 mM His-HCI, the enhanced scattering at
low q values and the minima @ = 0.01-0.02 A1 indicate
the presence of vesicles. However, the 16 mM His-HCI spectrum
is also consistent with a mixed population of vesicles and

. : ' micelles. The slope at intermediajezalues (to the right of the
Figure 2. Cryo-TEM micrographs after the sample has aged for 5 minimum) approaches 1, which is the scattering characteristic
weeks for (A a 5 mM SDBS and 80 mM histidine-HCI mixture in  of elongated micelles or rigid cylindrical structures, and the data
H.O showing mostly unilamellar vesicles (the smaller vesicles have a at highq values overlap those of the micellar sample. In contrast,
diameter of about 30 nm, and the larger vesicles have a diameter Ofthe 26 mM His-HCI data display @ 2 decay pattern along the

about 100 nm) and (B) a 19 mM SDBS and 26 mM histidine mixture . . . . ;
in DO showing mostly unilamellar vesicles (the smaller vesicles have entire q region that is a signature of bilayers and membrane

a diameter of 86150 nm, and a few larger vesicles have a diameter Structures. _ _ _
of 200—-300 nm). Consistently, the 1.4 mM His-HCI data were fitted using the

standard model of an ellipsoidal form factor together with the

phases with different degrees of turbidity and an additional oily Hayter and Penfold rescaled mean spherical approximation for
phase at the bottom of the sample. Region IV was not the structure factor. The best fit suggests the micelles are prolate
characterized in detail. objects with a cross-sectional radius of 1.6 nm, a length of 4.8

a. Effect of BO. The inset in Figure 1 shows the downward nm, and a negative charge of 17. The 26 mM His-HCI data
shift of the phase boundary between the micellar and the were fitted to a smeared polydisperse eesbell model capable
vesicular region when ¥ is replaced with BO. Similar of capturing the vesicular architecture. The resulting core radius,
changes occur in other catanionic mixti#feand are due to  bilayer thickness, and polydispersity are 43.9 nm, 2.3 nm, and
stronger hydrogen bonds in the deuterated soRfebDO favors 0.14, respectively, which correspond to vesicles with a number
the formation of large aggregates, and here, there is a significantaverage diameter of 92 nm and an equivatesterage diameter
shift for the SDBS-His-HCI mixtures. of 98 nm3’ These values are in good agreement with the vesicle

b. Vesicle MicrostructuresThe cryo-TEM micrographs in  size of 108 nm measured by QLS. A summary of the fitted
Figure 2 are representative of the vesicle microstructures foundparameters for these samples is shown in Table 1.
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Figure 4. Schematic of the various states of protonation of histidine.
The molecule becomes more positively charged at lower pH. The
calculation takes into account a species balance and the Henderson
Hasselbalch equation for the weak dissociation of acids.

Effect of pH. The transitions observed above depend on the
molar ratio of SDBS to histidine as well as pH. When the
amount of His-HCl is increased, the pH is also lowered. Thus,

to isolate the effect of these variables on the micelle-to-vesicle

J. Phys. Chem. B, Vol. 109, No. 23, 20061679

bluish (Figure 6D). Finally, at 50 mM HCI (poirit in the phase
diagram), only one distribution with an average size of 100 nm
is obtained. Below pH 3.7, the solutions become more turbid,
and at 61 mM HCI (pH 3.2), a milky solution with a large
amount of precipitate is observed.

The trend is the same for other ratios of SDBS to histidine
(Figure 7). At high pH, the solutions are transparent, indicating
the presence of micelles. Lowering the pH eventually causes
the solutions to turn bluish, indicating the presence of vesicles,
and at a lower pH, precipitate is observed. This micelle-to-
vesicle transition also depends on the concentration of histidine
for a fixed amount of SDBS. Vesicles form at a lower pH with
less histidine in solution, and below-3 mM histidine, vesicle
formation is not observed regardless of pH. Besides the observed
change in color, the presence of vesicles is confirmed by QLS
measurements that indicate an average size greater than 60 nm.
At the point where the change in color is observed and larger
aggregates are measured with QLS, it is likely that both vesicles
and micelles are present in solution, as indicated by SANS
results.

c. SANS Result®eutron scattering data for samples of 30

transition, the pH was changed for solutions made at a fixed ™M SDBS and 50 mM histidine at three different acid
ratio of surfactant and amino acid. The microstructures in several concentrations are shown in Figure 8. In the absence of acid,

of these solutions were then characterized.

a. Titration of Histidine Histidine is a weak polyprotic acid
with three dissociable hydrogefsThe K, values of these
groups, 1.8 ¢-COOH), 6.0 (imidazole group), and 9.2-(
NHs™), are depicted in Figure 4. The degree of dissociation of

these groups depends on the pH of the medium, so that a chang

in pH affects the net charge of the histidine molecules. With

a gradual decrease in pH, each of the functional groups of
histidine protonate and the molecule becomes more positively
charged. The imidazole group is half-protonated when the pH
is near 6, and the carboxyl group half-protonates at a pH of

about 2.

Sigmoidal curves for the titration of histidine in mixtures with
SDBS are shown in Figure 5. The pH range is below a histidine
isoelectric point of 7.47; thus, the curves show primarily the
titration of the imidazole group. In the absence of SDBS, the
curves have a steeper slope than those in which SDBS is prese

(Figure 5A) and phase separation is not observed regardless o
the solution pH. In mixtures with SDBS, pH measurements were

done up to about pH 3.2. At a lower pH, the solutions turn
milky and precipitate is observed. The normalized curves for
each of these mixtures are shown in Figure 5B. Below the
equimolar composition of HCI and histidine, the curves almost
coincide. Deviations in the slope are clearly observed for a

number of equivalents greater than 1. Note that the change of

pH with respect to the addition of HCI is more gradual when
SDBS is in solution and that the gentlest slope is for the
equimolar solutions of histidine with SDBS.

b. QLS ResultsFigure 6 shows size distributions obtained
from a CONTIN analysis of samples made at a fixed composi-
tion of 30 mM SDBS and 50 mM histidine and increasing
amount of HCI. Each of these samples is a point on the path

the scattering profile is that of small spheroidal micelles and
can be fit well by an ellipsoidal (not shown) or a cylindrical
model (Table 1). The peak gt= 0.05 A~%, which is indicative
of repulsive interactions, is more pronounced than that for the
micelles in Figure 3. The upturn at low values®fs low in
'g\tensity, on the order of 0.3 crh, and could be the result of
a low concentration of larger aggregates, such as what could
be found in the wisp observed by eye. At 20 mM HCI, the
micelles elongate to about 10 nm, although their cross-sectional
radius is preserved. The interaction peak also disappears,
indicating that histidine molecules are screening the charge of
the micelles. With more acid (35 mM HCI), a different profile
is observed at lovg values that is indicative of vesicles. The
fact that the scattering is somewhere betwgehandq* and
the overlap of this curve with the other micellar curves at high
g values both indicate that micelles and vesicles are coexisting
in solution. Note the similarity of this curve with that in Figure
for 19 mM SDBS and 16 mM His-HCI.

Effect of the Imidazole Moiety. The structure and different
conformation states of the imidazole moiety are depicted in
Scheme 1. A pH-dependent micelle-to-vesicle transition is also
observed in mixtures of SDBS with imidazole (Figure 9). For
comparison, the transition in 30 mM SDBS and 50 mM
imidazole (circles) is shown against that of histidine at 30 mM
SDBS (triangles). With imidazole, the transition occurs at a
higher pH than in the case of solutions made with histidine.
Also, the minimum amount of imidazole needed to drive vesicle
formation is 4 times larger than in the case of histidine.

Discussion

Studies of the effect of pH at different fixed ratios of histidine
and SDBS confirm the influential role of pH in driving

(micelles) toE (vesicles) represented in the upper left panel. morphological transitions. The micelle-to-vesicle transition can
When there is no acid present (Figure 6A), the imidazole group be explained qualitatively in terms of the net charge of histidine.

is not protonated. QLS shows a unimodal distribution of micelles Lowering the pH to below 6 results in the formation of cationic

of about 2-3 nm, which is the characteristic size range for imidazole moieties that can interact with the negatively charged
SDBS micelles. At a lower pH, the distribution shifts toward SDBS headgroups, changing the surface charge density and,
larger sizes, possibly indicating the presence of elongatedtherefore, the effective headgroup area. The observed lower cmc
micelles (Figure 6B). At pH 5.8, a new population with a size and surface tension values for these mixtures are a consequence
typical of vesicles emerges. The number of aggregates of thisof the nonideal interactions between these oppositely charged
size increases as the pH is further lowered and the solution turnsfunctional groups. If the surface charge density is lowered, the
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Figure 5. Sigmoidal curves for the titration of histidine in mixtures with and without SDBS. The curves show primarily the titration of the
imidazole group: (A) pH as a function of the HCI concentration; (B) pH as a function of the number of equivalents of acid. See text for explanation.
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samples made at a fixed composition of 30 mM SDBS and 50 mM 1 1
histidine and increasing amounts of HCI. Each of the samples is a point
on the pathA (micelles) toE (vesicles) represented in the upper left
panel. At 0 mM HCI (A), there is a unimodal distribution of micelles . o . A
of about 2 to 3 nm. With lower pH, the distribution continuously shifts ::E:)t;%e%ftrzgomML(;)S(? ?nSM aHngl_S?A)mZ'\g miﬂt'dgg_ ?8;1 ?:gc:ﬁasﬂgl HC
toward larger sizes, suggesting the presence of elongated micelles (B) : L ’ oL

: ; : -’ The background scattering is not subtracted to show the overlap at high
the coexistence of micelles and vesicles (D), and the presence of vesncle% values. %he solid lines r(gpresent the best fit of the model to thg s ANgS

(E). data. Slopes of-1 and—2 are indicated for comparison of the scattering
of micelles with that of vesicles.
area per headgroup decreases, and the surfactant packing
parameter increasé$This decreases the net curvature of the oppositely charged surfactant dodecyltrimethylammonium chlo-
surfactant aggregates, so SDBS micelles undergo a structuratide or with divalent C&/Mg?" ions. On the other hand, Sein
transition from micelles to rodlike micelles and eventually to et al#2showed that in mixtures of SDBS with NaCl the micelles
aggregates of low curvature such as long wormlike micelles, transform into a phase of flocculated multilamellar aggregates
vesicles, lamellar droplets, or precipitate. separated from the isotropic electrolyte solution. Fluorescence
The nature of the species accompanying SDBS can dramati-depolarization measurements indicated an intermediate transi-
cally affect the structural transition and preferred microstruc- tion to micelles of elongated geometry. Substitution of NaCl
tures. Sderman et af® and Lin et al*! observed a direct  for other alkali chlorides strongly influenced the lyotropic phase
transition from spherical micelles to vesicles with no threadlike behavior of SDBS and the appearance of the resulting lamellar
micelle intermediates in mixed solutions of SDBS with the phases.

0.01 L0
q(A%)
Figure 8. SANS spectra for samples made in(at a fixed molar
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SCHEME 1: Structure of the Imidazole Molecule in Its
Free Base (Left) and Protonated (Right) Forms

‘_‘
Ny

micelles at low salt concentration from another of unilamellar
vesicles at a higher salt concentration.

The contour of the titration curves in mixtures containing
SDBS reflects the presence of aggregates and binding of
histidine to the SDBS micellesvesicles. The collapse of the
data into one curve when the number of equivalents is less than
1 indicates that most of the histidine is free in solution, so the
titration in these micellar solutions proceeds similarly to that
of histidine in water. When the number of equivalents is greater
than 1, the bounded histidine transforms the micelles into
vesicles and the presence of histidine molecules on the surface
of the vesicles gives rise to the slope deviations. lonizable
molecules on the surface of aggregates are known to change
the apparent solution{a,*® With more SDBS in solution, there
are a higher number of aggregates and more histidine can bind;
thus, a flatter slope is observed.

Vesicle formation in solutions with imidazole confirms that
the amine and carboxyl groups in the amino acid are spectators
for the micelle-to-vesicle transition. It is not surprising to observe
this transition at a higher pH than in solutions with histidine,
since a K, of 7.0 of an imidazole molecule is higher than that

HN~_ _NH
PKinia N

7.0

90

—A— Histidine

754 —O— Imidazole

60

454

30

Imidazole compound (mM)

(=1

Solution pH
Figure 9. Micelle-to-vesicle pH-dependent transitions in solutions

of 30 mM SDBS and 50 mM imidazole (circles). To the right of the
curve, micelles are in solution, while, to the left of the curve, vesicles

of the imidazole group in histidine. In addition, binding of the
imidazole molecules to SDBS is easier than binding of the

are observed. For comparison, the transition in 30 mM SDBS and 50 imidazole group in histidine to SDBS, since the imidazole

mM histidine (triangles) is also shown.

molecule is free of any steric hindrance caused by the amino

acid backbone. However, once all of the imidazole molecules
Here, the sequence of morphological changes is similar to protonate, no more positive charges can be introduced into
that discussed for mixtures of SDBS with bis(imidazolin) solution from decreasing pH, which explains why at least 15
compoundg® A transition involving micelles, elongated mi- MM imidazole has to be in solution in order to observe vesicles.
celles, vesicles, and precipitate takes place with decreasing pH, )
caused either by increasing His-HCI concentration or by the Conclusions

addition of HCI. This sequence is expected because of the |y mixtures of SDBS with histidine, a decrease in pH first
similarity of the imidazolium group in the V-44 analogues and gjongates the micelles and then favors a micelle-to-vesicle
the imidazole side chain in histidine. However, the micelle-to- transition with a region of coexistence of elongated micelles
vesicle transitions in mixtures with histidine are triggered at a gnd vesicles. From CONTIN and SANS measurements, this
lower pH (pH < 6) than the values below nine recorded in transition appears to be continuous, so that the number of
solutions with V-44 analogues. The reason for this difference mjcelles decreases once the vesicles begin to form. Cryo-TEM
is imidazole has akf, of 6.0, which is substantially lower than  confirms the presence of unilamellar vesicles. Binding of the
values of~10-11 for the imidazolium groups. positively charged imidazole group in the amino acid to the
The transition from spherical micelles to elongated micelles negatively charged benzenesulfonate headgroups allows for
is clear from QLS (Figure 6) and SANS (Figures 3 and 8). these morphological transitions. A similar transition is observed
Micelle elongation occurs when the pH is decreased but remainsin mixtures of the imidazole molecule with SDBS. Vesicle
above the K, of the imidazole group, so that only a small formation depends mainly on the net charge of the imidazole-
fraction of the imidazole groups are protonated. The binding containing species, which is controlled by pH. With less histidine
of these molecules to the negatively charged benzenesulfonateor imidazole in solution, the transition occurs at a lower pH
groups leads to the elongation of the micelles. The effect of because more of these molecules must protonate for the
binding is reflected by the reduction of the aggregates’ net transition to occur.
negative charge and the disappearance of the interaction peak.
Hassan et al. have characterized by QLS, SANS, NMR, and Acknowledgment. We acknowledge the support of the
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aggregates. From CONTIN, this transition appears to be 9986442.
continuous so that the number of micelles decreases once
vesicles begin to form. The micelles and vesicles do not form

separate phases at any point. This is in agreement with numerous
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